In the boreal mixedwood region of Canada, management for conifer regeneration after clearcutting generally involves mechanical site preparation, planting and aerial spraying with glyphosate to minimize post-planting competition from natural broadleaf regeneration. However, the resulting conifer plantations have economic and ecological disadvantages compared with mixedwood stands with healthy and productive broadleaf components. This study examined 10-year growth of planted spruce and natural regeneration after pre-and post-harvest spraying and partial cutting treatments on a boreal mixedwood site in northeastern Ontario, Canada. The treatments were as follows: (1) pre-harvest broadcast spraying with glyphosate to suppress trembling aspen (Populus tremuloides Michx.) regeneration, (2) clearcut (unsprayed) for broadleaf regeneration, (3) partial cut to suppress shade-intolerant vegetation, and (4) post-harvest broadcast spraying to promote conventional conifer plantations. Planted spruce trees were tallest in the pre-harvest spray treatment but had the largest basal diameter in the postharvest spray treatment; neither of the differences was significant at 0.05. Total broadleaf regeneration density in the pre-harvest spray treatment was similar to that in the partial cut, but higher than that in the post-harvest spray treatment. Additional shade from greater amounts of shrubs and residual overstory trees in the partial cut treatment resulted in higher quality spruce trees than in the spray treatments; based on branch size, branch-free stem length and stem taper, wood quality was generally lowest in the post-harvest spray treatment. Pre-harvest spraying provided a better balance between growth and quality of planted spruce than either postharvest spraying or partial cutting.
Introduction
In the boreal mixedwood region of Canada, forest management for conifers typically involves a sequence of clearcutting, mechanical site preparation, planting and aerial spraying of glyphosate to minimize post-planting competition from natural broadleaf regeneration (Groot et al., 2005; NRCan, 2012) . While success is high for plantations established in this way, the disadvantages of the focus on establishing pure conifer stands are recognized. First, high planting density is required to maintain site occupancy and produce wood of reasonable quality (Willcocks and Bell, 1994; Bell et al., 2006) , which requires follow-up stand density management, thereby increasing both establishment and management costs. Second, pure conifer stands may be less effective than mixedwood stands for achieving sustainable management objectives such as promoting species and structural diversity, protecting wildlife habitat, preserving visual aesthetics (Peterson and Peterson, 1995; Comeau, 1996) and maintaining long-term site productivity (Pastor, 1990) and pest resistance (MacLean, 1996; Su et al., 1996) . Third, broadleaf regeneration that survives postharvest spraying may be compromised by herbicide damage and not meet wood quality standards (Basham, 1993; Greifenhagen et al., 2005; Man et al., 2011a) . Alternatively, repeated mechanical tending treatments at the stand or individual tree level can be used to control broadleaf density to ensure adequate growth of conifers (Comeau et al., 2005; Man et al., 2009 ). This approach is also costly and effort intensive and therefore may not be operationally practical.
Since the mid-1990s, the use of partial harvesting has been suggested and tested in Alberta and Ontario, Canada, to control the development of shade-intolerant broadleaves and understory vegetation, while allowing survival and reasonable growth of shade-tolerant conifers (Lieffers and Beck, 1994; Lieffers and Stadt, 1994; Lieffers et al., 1999; Man and Lieffers, 1999; MacDonald and Thompson, 2003) . Under a partial canopy, the density and growth of shade-intolerant broadleaves such as trembling aspen (Populus tremuloides Michx.) is generally reduced and the early growth of shade-tolerant conifers such as white spruce # Crown copyright 2013. 2013; 86, 475 -480, doi:10.1093/forestry/cpt018 (Picea glauca (Moench) Voss) is acceptable compared with that on clearcuts as long as the amount of shade-tolerant understory vegetation is limited, especially on sites with extreme microclimatic conditions (Man and Lieffers, 1999) . Where shade-tolerant understory species such as mountain maple (Acer spicatum Lam.), beaked hazel (Corylus cornuta Marsh.) and balsam fir (Abies balsamea (L.) Mill.) (Bell, 1991) are abundant, however, the growth of white spruce can be restricted, requiring post-plant tending (Man et al., 2009) .
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More recently, aerial spraying of mature trembling aspen stands with glyphosate prior to harvest has proven effective in suppressing trembling aspen suckering (Man et al., 2010 (Man et al., , 2011b . In the first 5 years, the density of trembling aspen suckers was higher after preharvest than post-harvest spraying, but much lower than that in the unsprayed clearcut. The quality of trembling aspen suckers was also better after pre-than post-harvest spray based on the levels of stem stain and rot and stem deformation due to herbicide damage (Man et al., 2011a) .Although the increased stem stain and rot associated with post-harvest spraying is restricted to the growth of stems prior to herbicide use (Greifenhagen et al., 2005; Man et al., 2011a) , its effects on wood quality will probably increase with tree size.
The effects of the pre-and post-harvest spray treatments on early regeneration, vegetation and light dynamics (Man et al., 2010) and aspen growth and quality (Man et al., 2011a) have been reported. The objective of this paper is to report the effects of pre-and post-harvest herbicide spraying and partial cutting on the growth and quality of planted spruce and natural regeneration 10 years after treatment on a boreal mixedwood site in northeastern Ontario. The results can be used to develop an economically feasible silvicultural system that promotes healthy growth of trembling aspen and spruce, the most common broadleaf and conifer mixture in the Canadian boreal forest (Comeau et al., 2005) .
Methods

Treatments
The site conditions, experimental design and harvest treatments were described in detail by and Man et al. (2010) and are summarized briefly here. The study site is an upland mid-successional boreal mixedwood stand southeast of Cochrane, Ontario (48847 ′ N, 80815 ′ W). Prior to harvesting, the overstory was dominated by 70-year-old trembling aspen and white birch (Betula papyrifera Marsh.), with a 20 per cent component of co-dominant conifers, including jack pine (Pinus banksiana Lamb.), white spruce, black spruce (Picea mariana (Mill.) B.S.P.) and balsam fir. Understory trees were mainly balsam fir, black spruce and white spruce, and shrub species were predominantly mountain maple, wild red raspberry (Rubus idaeus L. var. strigosus (Michx.) Maxim.), beaked hazel and speckled alder (Alnus rugosa (DuRoi) Spreng.). The soil is predominantly of lacustrine origin, fine textured, with a fresh to moist moisture regime.
The original study design followed a randomized complete block with four mixedwood treatments replicated three times Man et al., 2010) . These treatments were (1) pre-harvest aerial spraying with glyphosate to suppress trembling aspen regeneration and produce intimate mixtures of conifers and broadleaves (subsequently referred to as 'pre-harvest spray'), (2) post-harvest ground spraying with glyphosate in mosaic to produce alternating 10-m-wide sprayed and unsprayed strips favouring conifers and broadleaves, respectively ('sprayed mosaic'), (3) partial cutting with no spraying to produce alternating 10-m-wide harvested and leave corridors to suppress shade-intolerant vegetation and favour the growth of conifers ('partial cut') and (4) , partial cutting removed 45 per cent of the overstory basal area, followed by an additional 10 per cent loss to windthrow by year 5 post-harvest (Man et al., 2010) .
Each of the treatment areas ranged from 16 to 20 ha with 24 sampling clusters established systematically in a nominal 60 m×60 m grid, with a minimum 40-m-wide treatment buffer . The cluster spacing in the sprayed mosaic and partial cuts was varied to ensure that the 24 clusters were evenly distributed between strips or corridors. Each sampling cluster was 2.26 m in radius and consisted of four 4 m 2 plots (quadrants) for assessing growth of planted spruce and natural regeneration, following standard regeneration survey methods for Ontario (Chaudry, 1981) .
In this paper, we focus on a subset of the treatments from the original study: pre-harvest spray, clearcut (unsprayed strips in sprayed mosaic), partial cut (harvested corridor only) and post-harvest spray. Only three of the treatments were planted with spruce: pre-harvest spray, partial cut and post-harvest spray (Table 1) .
Growth of planted and natural regeneration
The growth of planted spruce was assessed on the five seedlings closest to the cluster centre. The height increment of each sampled seedling was Forestry measured retrospectively for 5 years at year 5 and year 10 post-planting. In addition to height increment, measurements at year 10 included basal stem diameter, basal diameter and length of the dominant (longest of entire crown) branch, height of the dominant branch nearest the base of the main stem and height to live crown (first live branch). Natural regeneration was surveyed at year 10 in the spring prior to the onset of new growth on all four plots in each cluster. All live trees were identified by species and measured for total height.
Data analysis
Analysis of variance was used to assess significant differences among treatments for (1) total height, basal diameter, quality (branch length and diameter, height of dominant branch, height to live crown, live crown ratio (live crown length-to-total tree height ratio) and stem taper (height-to-basal-diameter ratio)) of planted spruce and (2) density and total height of natural regeneration by species group (trembling aspen, other broadleaves and conifers). Data analysis followed a randomized complete block design with three replications. Data collected at the cluster level were averaged to the treatment level prior to statistical analysis with Proc Mixed (SAS 9.3, SAS Institute Inc. 2010). Data were checked for normality and equal variance, and an unequal variance model was applied when necessary. When treatment effects were significant at 0.05, multiple comparisons of treatment means were performed along with P-value correction using Tukey's method in SAS 9.2 (SAS Institute Inc. 2003).
Results
Growth of planted spruce
The average height of planted spruce at year 10 ranged from 1.88 m in the pre-harvest spray treatment to 1.48 m in the partial cut treatment, whereas the largest spruce basal diameter growth occurred in the post-harvest spray treatment (Table 2) ; neither of the differences, however, was significant at 0.05. By 7 years after planting, height of trees in the partial cut treatment fell below that in the other treatments (Figure 1 ).
Planted trees in the post-harvest spray treatment generally had larger branches (length and diameter), shorter branch-free stems (height of dominant branch and height to live crown), higher live crown ratios and greater stem taper (smaller height-to-diameter ratio), although not all of the differences were statistically significant (P ¼ 0.05 Table 2 ).
Natural regeneration
Trembling aspen density in the clearcut was 17 500 stems ha 21 , nearly twice that in the other treatments (Figure 2a ; P ¼ 0.038). The average height of regenerated trembling aspen was close to 3.0 m in the clearcut and partial cut treatments and slightly over 2.0 m in the post-harvest spray treatment (Figure 2a ; P ¼ 0.078).
The density of white birch and balsam poplar was 5000 stems ha 21 in the pre-harvest spray and partial cut treatments, but less than 1600 stems ha 21 in the other treatments (Figure 2b ; P ¼ 0.066). The average height of these other broadleaves was over 3.0 m in the clearcut and 2.0 m in pre-harvest spray, partial cut and post-harvest spray treatments (Figure 2b ;
The density of natural conifer regeneration (jack pine, balsam fir, black spruce and white spruce) in the pre-harvest spray was over 3000 stems ha 21 (mostly jack pine) but did not differ significantly from that in the other treatments, which was generally under 1000 stems ha 21 (Table 3 ; P ¼ 0.304). The average height of these conifers was similar, generally under 1.5 m (P ¼ 0.269).
Discussion
Consistent with the observations at years 5 and 7 post-harvest (Man et al., 2010 (Man et al., , 2011a , after 10 years the pre-harvest spray and partial cut treatments were nearly as effective as the postharvest spray in reducing trembling aspen sucker density. However, the growth of trembling aspen in the partial cut was not affected relative to that in the clearcut treatment. This is likely due to its low density in the regeneration layer after harvest Means within rows with different letters differ significantly (P , 0.05).
Performance of aspen-spruce mixtures (Man et al., 2010 (Man et al., , 2011a , which would reduce competition among trembling aspen suckers not only for light but also for nutrients, water and carbohydrates from parent roots (Frey et al., 2003) . Low aspen regeneration density in the sprayed treatments may have helped the growth of aspen suckers, as seen from the reduced height difference among treatments between years 7 (Man et al., 2011a) and 10 ( Figure 2a) . Abundant natural jack pine regeneration in the pre-harvest spray treatment (Table 3 ) was related to both the abundance of pine in the overstory canopy prior to harvest (Man et al., 2010) and to reduced competition. Initially, broadleaf regeneration density in the pre-harvest spray treatment was low, which likely favoured the establishment and growth of shade-intolerant jack pine seedlings (Man et al., 2011b) .
Despite the lack of a statistically significant difference, 10 years after planting the spruce seedlings in the pre-harvest spray treatment had consistently better height growth than those in the other treatments (Figure 1 ; Table 2 ). Because of the high shade tolerance of spruce (Logan, 1969) , significant height differences among treatments were not expected immediately after planting. The reduced height growth of spruce in the partial cut after year 6 presumably resulted from the vigorous growth of shade-tolerant shrubs, including mountain maple and beaked hazel, which added to shade from the residual trees (Man et al., 2010) and as the spruce seedlings grew their need for light increased (Givnish, 1988; Lieffers et al., 1999; Messier et al., 1999) . This growth reduction occurred mainly in suppressed trees.
Since most of the trees were above the shrub layer and co-dominant with the broadleaf regeneration by year 10 posttreatment, the planted spruce in both the pre-and post-harvest spray treatments are expected to form part of the developing stand. Over time, growth of planted spruce in the post-harvest spray treatment may exceed that of trees in the pre-harvest spray treatment where competition from natural regeneration is higher. However, the trees in the pre-harvest spray treatment should be better quality with smaller knot sizes, longer branch-free stem sections and less stem taper -all important attributes of conifer wood quality (Willcocks and Bell, 1994) .
The results of this study suggest that pre-harvest spraying is a promising technique for producing single-story, intimate mixtures of trembling aspen and spruce, which is a challenging management objective in the Canadian boreal forest region (Comeau et al., 2005; Man et al., 2010) . Among the treatments compared in this study, pre-harvest spraying produced a good balance between growth (height and diameter) and quality (branch size, branch-free stem length and stem taper) of planted spruce, postharvest spraying achieved maximum growth rate and partial cutting produced the best tree quality. Although broadleaf regeneration density was similar between the pre-harvest spray and partial cut treatments (close to 11 000 stems ha 21 ; Table 3 ), reduced growth of spruce in the partial cut treatment likely resulted from shading by greater amounts of shrubs and residual overstory trees (Man et al., 2010) . Furthermore, broadleaf density in the postharvest spray treatment (4000 stems ha 21 ; Table 3 ) was insufficient to maintain tree quality. As broadleaves have higher mortality rates and shorter life spans than conifers, pre-harvest spraying may eliminate the need to establish conifer seedlings at high density to maintain quality and conduct subsequent stand density management to achieve adequate growth, reducing forest management costs. Pre-harvest spraying also promotes a healthy broadleaf component by avoiding direct exposure of broadleaf regeneration and understory vegetation to glyphosate (Man et al., 2011a) , which will contribute not only to the structural diversity of the stands but also to the final yield at rotation.
Conclusions
Spraying mature trembling aspen stands with glyphosate prior to harvest was as effective as partial cutting in suppressing trembling Forestry aspen regeneration density and allowing growth of planted spruce that was comparable with that of trees in the post-harvest spray treatment 10 years after planting. The latter treatment was equivalent to results from conventional conifer plantations. The quality of spruce in the pre-harvest spray treatment, in terms of branch size, branch-free stem length and stem taper, was as good as or better than that in the post-harvest spray treatment because of the higher broadleaf regeneration density, which reduced branching and increased growth allocation to height. Similarly, the density and growth of broadleaf regeneration in the pre-harvest spray treatment was close to that in the partial cut treatment. Pre-harvest spraying is therefore an ecologically sound, economically feasible option for producing intimate mixtures of healthy and productive aspen and spruce in boreal and sub-boreal regions of North America, Europe and Asia where aspen (such as P. tremuloides Michx. and P. tremula L.) is a major component of forest ecosystems and mixedwoods are preferred over single species management to balance timber production, biodiversity conservation and ecosystem function objectives.
